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Sorting endosomes carry α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-
type glutamate receptors (AMPARs) from their maturation sites to their final destination
at the dendritic plasma membrane through both constitutive and regulated exocytosis.
Insertion of functional AMPARs into the postsynaptic membrane is essential for
maintaining fast excitatory synaptic transmission and plasticity. Despite this crucial role in
neuronal function, the machinery mediating the fusion of AMPAR-containing endosomes in
dendrites has been largely understudied in comparison to presynaptic vesicle exocytosis.
Increasing evidence suggests that similarly to neurotransmitter release, AMPARs insertion
relies on the formation of a SNARE complex (soluble NSF-attachment protein receptor),
whose composition in dendrites has just begun to be elucidated. This review analyzes
recent findings of the fusion machinery involved in regulated AMPARs insertion and
discusses how dendritic exocytosis and AMPARs lateral diffusion may work together to
support synaptic plasticity.
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INTRODUCTION
As integral membrane proteins, synaptic α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs) make use
of the entire secretory pathway to reach their final destination
at the postsynaptic density (PSD) of dendritic spines. In neu-
rons, the endoplasmic reticulum (ER) can extend into dendrites
where it serves as the site for protein biosynthesis as well as
an internal calcium storage organelle (Torre and Steward, 1996;
Spacek and Harris, 1997; Gardiol et al., 1999; Cui-Wang et al.,
2012). These early trafficking steps through the secretory pathway
greatly influence the number of available AMPARs since exit
from the ER is a limiting step controlled by numerous signaling
pathways (Standley et al., 2000; Scott et al., 2003; Hawkins et al.,
2004; Horak et al., 2008). According to this notion, retention
of AMPARs in the ER has been associated to impairments in
synaptic potentiation elicited in CA3-CA1 synapses in the hip-
pocampus (Broutman and Baudry, 2001). After departure from
the ER, newly synthesized AMPARs reach the Golgi appara-
tus (GA) which in neurons is located both in the peri-nuclear
region and in discrete Golgi outposts at dendritic branch points
(Lowenstein et al., 1994; Horton and Ehlers, 2003; Horton et al.,
2005; Ye et al., 2007). Following processing including glycosy-
lation and peptide cleavage, mature AMPARs leave the GA in
discrete membranous carriers, largely recycling endosomes (RE),
which are then exocytosed at the dendritic plasma membrane.
The fusion of these AMPAR-containing endosomes is believed
to be highly regulated as it influences surface receptor compo-
sition and cell morphology. Two types of endosome exocytosis
have been proposed: a constitutive recycling pathway that main-
tains an steady supply of lipids and membrane proteins and
an activity-dependent fusion that underlies acute and long-term
changes of molecular composition and synaptic function such
as long-term synaptic potentiation (LTP) (reviewed in Shepherd
and Huganir, 2007; Henley et al., 2011; Huganir and Nicoll,
2013).
The final step of intracellular membrane fusion is generally
controlled by Sec1/Munc-18-like proteins (SM proteins) and the
formation of a SNARE complex (Südhof, 2012). The assembly of
the SNARE complex into a stable four-helix bundle occurs by the
interaction of the SNARE motifs from syntaxin, synaptobrevin
and SNAP proteins (Figure 1). SNARE complex formation is an
exothermic process thought to provide the energy required for
membrane fusion (Jahn and Scheller, 2006). According to their
universal role in membrane fusion, previous work suggested that
SNARE-dependent exocytosis mediates the fusion of AMPAR-
containing endosomes with the postsynaptic membrane (Lledo
et al., 1998; Lu et al., 2001; Kennedy et al., 2010; Jurado et al.,
2013). However whereas the presynaptic SNARE fusion machin-
ery has been identified, the composition of postsynaptic SNARE
complexes has remained unclear until recently. Moreover, it is still
uncertain whether the same pool of AMPARs-containing endo-
somes is capable of undergoing both constitutive and activity-
dependent exocytosis via a similar SNARE fusion machinery. The
identification of distinct SNARE molecules specifically involved
in constitutive and/or regulated AMPARs insertion is particu-
larly important since it may provide novel targets to selectively
manipulate synaptic transmission and plasticity such as LTP
which is thought to be implicated in learning and memory
(Malenka and Bear, 2004; Neves et al., 2008). Recent efforts
to elucidate the composition of postsynaptic SNAREs involved
Frontiers in Cellular Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 407 | 1
Jurado Postsynaptic SNARE fusion during LTP
FIGURE 1 | The presynaptic SNARE complex. Drawing of the SNARE
fusion machinery mediating calcium-dependent exocytosis of synaptic
vesicles. The cartoon illustrates the functional elements of the presynaptic
SNARE complex: syntaxin-1 (Stx-1) in an open conformation via interaction
with the SM protein Munc-18, SNAP-25 and synaptobrevin-2 (Syb-2). The
calcium sensor synaptotagmin-1 (Syt-1) with two calcium-binding C2
domains is located at the vesicle membrane. Upon calcium entry, Syt-1
interacts with complexin (not shown) to promote neurotransmitter release.
in activity-dependent exocytosis suggest that membrane fusion
at the postsynaptic compartment is molecularly distinct from
its presynaptic counterpart. Unfortunately, the fusion machin-
ery underlying constitutive AMPARs insertion has received less
attention despite its crucial role in maintaining basal synaptic
strength. For this reason, here we primarily review data from
experiments addressing the mechanism of AMPARs exocytosis
during NMDAR-dependent LTP elicited in CA3-CA1 synapses in
acute hippocampal slices or by activating N-methyl-D-aspartate
(NMDA) receptors (NMDARs) in cultured neurons. NMDAR-
dependent LTP is arguably the best studied form of long-term
plasticity and whose deficit in different cell types and brain
regions may contribute to several prominent neurological and
neuropsychiatric disorders (Geschwind and Levitt, 2007; Kauer
and Malenka, 2007; Clapp et al., 2012; Ehlers, 2012). In addi-
tion to discussing the fusion machinery of AMPARs-containing
endosomes, we consider how regulated exocytosis may cooperate
with other membrane processes such as receptors lateral diffusion
to control the number of synaptic AMPARs, therein synaptic
transmission and plasticity in the healthy brain.
AMPARs EXOCYTOSIS DURING LTP
In general, LTP can be elicited by brief repetitive stimulation
of excitatory afferents (Bliss and Lomo, 1973; Malenka and
Bear, 2004) which raises postsynaptic calcium levels mainly
due to the activation of synaptic NMDARs (Collingridge et al.,
1983; Kauer et al., 1988). Intensive research over the last three
decades has demonstrated that postsynaptic calcium influx
ultimately increases the number of synaptic AMPARs (Malenka
and Bear, 2004; Huganir and Nicoll, 2013). However the role
of calcium-dependent exocytosis during LTP has not been fully
appreciated until more recently. Numerous signal transduction
pathways were suggested to play a role in translating the calcium
signal into LTP (Sanes and Lichtman, 1999; Malenka and Bear,
2004). Compelling evidence using genetic and pharmacological
approaches indicated that calcium/calmodulin (CaM)-dependent
protein kinase II (CaMKII) played a mandatory role in long-
lasting increase of synaptic strength (Malenka et al., 1988;
Malinow et al., 1989; Silva et al., 1992; Pettit et al., 1994; Lledo
et al., 1995, 1998; Giese et al., 1998; Lisman et al., 2012). Due to
the prominent role of CaMKII in LTP, it was initially assumed
that AMPARs insertion was only indirectly regulated by calcium,
in contrast to the calcium-regulated exocytosis observed in the
presynaptic terminal. Electron microscopy studies revealed the
presence of recycling endosomes in dendrites and dendritic spines
(Cooney et al., 2002) suggesting that these dendritic vesicles may
function as internal membrane stores of AMPARs. Furthermore,
the presence of these dendritic endosomes occasionally observed
as membrane-bound strongly suggested that they may interact
and fuse with the plasma membrane to deliver their cargo in
response to neuronal activity (Carroll et al., 1999; Lüscher et al.,
1999; Beattie et al., 2000; Ehlers, 2000; Zhu et al., 2002; Park et al.,
2004).
Early evidence that calcium-dependent synaptic potentiation
requires a SNARE fusion machinery acting in dendrites came
from LTP experiments in which botulinum neurotoxin B
(BoNT/B), that cleaves synaptobrevins, and other inhibitor
peptides of the SNARE complex were infused through the
recording pipette (Lledo et al., 1998). Each of these inhibitors
efficiently blocked the expression of LTP suggesting that
exocytosis of AMPARs-containing endosomes is an essential step
during synaptic potentiation. In parallalel to electrophysiological
evidence for AMPARs exocytosis, the first optical demonstration
of activity-triggered exocytosis in dendrites was reported
(Maletic-Savatic and Malinow, 1998). In this pioneer study,
neurons incubated with the lipophilic styryl dye FM1-43, a
common reagent for the study of neurotransmitter release,
incorporated the dye into postsynaptic compartments that
destained within minutes upon neuronal stimulation (Maletic-
Savatic and Malinow, 1998). These findings provided the first
glimpse into postsynaptic exocytosis and suggested that dendritic
vesicles may undergo activity-dependent fusion.
Over the years, advances on live cell imaging resulted in the
appreciation of the morphological rearrangements that dendritic
spines experience during synaptic potentiation. Structural plas-
ticity of dendritic spines during LTP is often observed as a rapid
increases of the spine head volume upon NMDAR activation,
thus implying that membrane components are provided rapidly
to support local growth (Murakoshi and Yasuda, 2012). Dendritic
exocytosis of recycling endosomes containing surface receptors
and other membrane proteins may provide an efficient way to
support both synaptic and structural plasticity. According to
this notion, live cell imaging studies using clostridial neurotox-
ins that disrupt SNARE complexes, or expression of dominant-
negative SNARE proteins provided strong evidence for the role of
activity-dependent exocytosis in supporting spine growth upon
LTP induction (Park et al., 2004, 2006; Kopec et al., 2006, 2007;
Yang et al., 2008).
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Finally, recent work using shRNA-mediated knock-down of
several SNARE proteins and high-resolution live cell imaging
has confirmed the role of SNARE-dependent fusion during LTP
(Kennedy et al., 2010; Jurado et al., 2013). Surprisingly despite
the crucial role of CaMKII-dependent signaling in synaptic poten-
tiation the exocytosis of AMPARs-containing endosomes may
not be directly linked to CaMKII activity. Instead, postsynaptic
exocytosis has been shown to require on small GTPases from
the Ras and Rab families, which have been demonstrated to play
a role in AMPAR mobilization upon NMDAR activation (Zhu
et al., 2002). Numerous independent findings currently support
the notion that AMPAR delivery to the plasma membrane is a
calcium-regulated fusion event that involves activity-dependent
exocytosis of AMPARs-containing endosomes (Lledo et al., 1998;
Shi et al., 1999; Hayashi et al., 2000; Lu et al., 2001; Passafaro
et al., 2001; Park et al., 2004; Makino and Malinow, 2009; Petrini
et al., 2009; Kennedy et al., 2010; Ahmad et al., 2012; Jurado et al.,
2013). Altogether, these data strongly support the hypothesis that
regulated exocytosis of AMPAR-carrying vesicles may underlie
both functional and structural aspects of synaptic potentiation.
A POSTSYNAPTIC SNARE COMPLEX FOR LTP
Membrane fusion events in eukaryotic cells are carried out
by SNARE proteins. In neurons, the presynaptic SNARE
complex is formed by the interaction of the vesicle SNARE
protein (v-SNARE), synaptobrevin-2/vesicle-associated mem-
brane protein 2 (Syb-2/VAMP2), and plasma membrane target
SNARE proteins (t-SNAREs), syntaxin-1 and SNAP25 (Jahn and
Fasshauer, 2012; Rizo and Südhof, 2012; Figure 1). Among the
t-SNAREs, syntaxins exist in either a “closed” or an “open” con-
formation. Syntaxin “open” conformation must be achieved in
order to form a functional SNARE complex. The conformational
change of syntaxin-1 is facilitated by the interaction between
its C-terminus and SM proteins (Khvotchev et al., 2007; Shen
et al., 2007; Südhof and Rothman, 2009). In addition to this
interaction, syntaxin-1 binds to small regulatory proteins known
as complexins, this binding has been proposed to arrest the
SNARE complex in a “primed” state until calcium influx invades
the axon terminal and vesicles are finally fused (McMahon et al.,
1995; Giraudo et al., 2006; Tang et al., 2006; Xue et al., 2008;
Maximov et al., 2009). The final coupling of synaptic vesicle
exocytosis to calcium is mediated by neuronal synaptotagmins,
a family of transmembrane proteins with at least one calcium-
binding domain (C2 domain) (Geppert et al., 1994; Fernández-
Chacón et al., 2001; Pang et al., 2006; Xu et al., 2007). Calcium
binding to synaptotagmin-1 C2 domains removes the complexin
brake and promotes the binding of synaptotagmin to both the
plasma membrane and the SNARE complex thereby triggering
fusion (Rizo and Südhof, 1998; Tang et al., 2006; Südhof, 2012).
Analogous to presynaptic fusion, AMPAR exocytosis has been
shown to rely on SNAREs, although the composition of post-
synaptic SNARE complexes involved in both constitutive and
activity dependent recycling remains a topic of active research
(Kennedy et al., 2010; Ahmad et al., 2012; Jurado et al., 2013)
(please note the different molecular composition of the postsy-
naptic SNARE complex illustrated in Figure 2 to the canonical
presynaptic SNARE complex in Figure 1). Consistent with this
FIGURE 2 | Postsynaptic SNARE complex involved in AMPARs
insertion during LTP. Top panel represents dendritic SNARE proteins
involved in constitutive trafficking of NMDARs and AMPARs. SNAP-25 is
depicted as membrane-bound regulating constitutive NMDARs exocytosis
whereas the vesicle SNARE synaptobrevin-2 (Syb-2) may be an integral
component of both AMPARs and NMDARs-containing endosomes. Bottom
panel illustrates the formation of a specific postsynaptic SNARE complex
involved in AMPARs exocytosis upon NMDAR activation. SNAP-47 is shown
in close proximity to syntaxin-3 which is anchored to the plasma membrane
in an open conformation by its interaction with an unknown postsynaptic
SM protein. In a similar fashion to SNAP-25, Syb-2 is depicted regulating
constitutive recycling of AMPARs. Plasma membrane-bound Syntaxin-3
molecules may constitute micro-domains or hot spots for exocytosis of
AMPARs-containing endosomes during LTP. Calcium influx into the
postsynaptic terminal promotes the assembly of a SNARE complex
constituted by Stx-3, SNAP-47 and Syb-2, as well as complexin (not shown)
and a postsynaptic synaptotagmin isoform (Syt-X) still to be identified.
notion, complexins have emerged as important regulators of
calcium-dependent exocytosis of AMPAR-carrying endosomes in
LTP. Data from mice lacking complexin-2 provided early evidence
to a potential role of complexins in LTP (Takahashi et al., 1999;
Huang et al., 2000). More recently, the essential role of complex-
ins in synaptic potentiation has been demonstrated using viral-
mediated knock-down approaches in vivo (Ahmad et al., 2012).
Ahmad et al. showed that complexins -1 and -2 control dendritic
exocytosis of AMPARs during hippocampal LTP, although they
may not be required for constitutive exocytosis. These findings
further strengthen the involvement of a SNARE-dependent fusion
during regulated AMPARs insertion.
Frontiers in Cellular Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 407 | 3
Jurado Postsynaptic SNARE fusion during LTP
COMPOSITION OF POSTSYNAPTIC SNARE COMPLEX
DURING LTP
In contrast to presynaptic neurotransmitter release, the
composition of postsynaptic SNARE complexes mediating
calcium-dependent AMPAR exocytosis in dendrites has just
recently begun to be elucidated. In a similar fashion to axonal
exocytosis, SNARE complexes in dendrites are constituted
by three families of SNARE proteins: syntaxins, SNAPs and
synaptobrevins. SNARE complex assembly is mediated by
the interaction of the SNARE motifs, present in all SNARE
proteins (note that two SNARE motifs are contributed by
SNAP-25 and one by syntaxin-1 and synaptobrevin-2) (Hayashi
et al., 1994; Sutton et al., 1998). Intriguingly, despite their
specificity in vivo (Südhof and Rothman, 2009), SNARE-
dependent interactions exhibit promiscuity in vitro (Fasshauer
et al., 1999; Yang et al., 1999) suggesting that different SNARE
complexes constituted by distinct combinations of syntaxin,
SNAP and synaptobrevin isoforms may coexist within the
same cell to regulate fusion events at different subcellular
compartments. Moreover, different SNARE isoforms of for
example membrane-bound syntaxins may sort distinct SNARE
complexes to discrete membrane compartments or regions
within the plasma membrane (i.e., postsynaptic membrane vs.
presynaptic membrane) indicating hot spots for exocytosis.
Consisting with this, immunohistochemistry and electron
microscopy studies have exposed the presence of several SNAREs
proteins at the somato-dendritic region in different brain areas.
For example, syntaxin-3, SNAP-25 and synaptobrevin-2 have
been detected in dendrites of nigral dopaminergic neurons which
is indirect evidence for their involvement in dendritic secretion
of neuromodulators like dopamine or perhaps neuropeptides
(Witkovsky et al., 2009). Additionally, distinct SNARE-dependent
mechanisms seem to underlie calcium-dependent fusion of
secretory vesicles from axons and dendrites in hypothalamic
neurons (Landry et al., 2003). Below, we review our current
knowledge of SNAREs involved in AMPARs insertion during LTP
following a chronological order from the first evidence for the
role of postsynaptic synaptobrevins to the more recent work in
SNAP proteins and syntaxins.
POSTSYNAPTIC SYNAPTOBREVINS
Synaptobrevin -1 and -2 isoforms are small transmembrane pro-
teins that belong to a larger VAMP family (Ernst and Brunger,
2003; Brunger et al., 2009). Interestingly, synaptobrevin-2 has
long been known to undergo transcytosis, an early intracellular
trafficking event that temporally drives axonal vesicles to the
dendritic compartment (Sampo et al., 2003; Wisco et al., 2003;
Yap et al., 2008; Ascaño et al., 2009). Identification of vesicles
containing classical presynaptic molecules in dendrites, even if
only temporarily during early development, raised the intrigu-
ing possibility that proteins critical for presynaptic function
may also act at postsynaptic locations. According to this idea,
some of the first evidence that AMPARs insertion during LTP
requires postsynaptic exocytosis came from experiments where
synaptobrevin-mediated fusion was disrupted using botulinum
toxin B which cleaves VAMP family SNARE proteins infused into
postsynaptic neurons via the recording pipette (Lledo et al., 1998).
This early observation led to a model where AMPAR-containing
endosomes fuse with the plasma membrane upon LTP induction
(Figure 2).
In addition to functional plasticity, several studies have shown
that postsynaptic exocytosis likely mediated by postsynaptic
synaptobrevins is required for structural plasticity at glutamater-
gic synapses (Park et al., 2004, 2006; Kopec et al., 2006, 2007; Yang
et al., 2008). Upon NMDARs activation dendritic spines have
been shown to increase their volume (Murakoshi and Yasuda,
2012). This stimulus-induced spine growth is blocked by the infu-
sion of botulinum toxin B or expression of dominant-negative
SNARE proteins in postsynaptic neurons (Park et al., 2006; Kopec
et al., 2007; Yang et al., 2008), indicating that SNARE complex-
mediated membrane fusion is required for both structural and
synaptic plasticity.
More recently, experiments in cultures prepared from
synaptobrevin-2 KO mice indicated that synaptobrevin-2 con-
tributes to maintaining both synaptic and extrasynaptic AMPARs
(Jurado et al., 2013). This observation raises the question of which
SNARE proteins control the constitutive and regulated delivery
of AMPARs to the plasma membrane. Synaptobrevin-2 may be a
component of the AMPAR-containing organelles involved in both
pathways, although other R-SNAREs must contribute as well since
surface levels of AMPARs were only partly reduced in cells lacking
synaptobrevin-2.
POSTSYNAPTIC SNAPs
SNAP-25
A functional SNARE-complex requires at least one copy of
the plasma membrane-associated SNAREs known as SNAPs
(Synaptosomal-associated proteins), with SNAP-25 being the
canonical protein at the presynapse (Jahn and Scheller, 2006; Rizo
and Rosenmund, 2008; Südhof and Rothman, 2009). Immuno-
histochemistry in cultured hippocampal neurons have identi-
fied several SNAP isoforms in dendrites, including SNAP-25
in similar fashion to other SNAREs which exhibit ubiquitous
expression patterns (Südhof, 2012). Moreover, SNAP-25 has even
been found in PSD fractionations suggesting a role in den-
dritic membrane fusion (Jordan et al., 2004; Chen et al., 2006).
According to this, in vivo knock-down of SNAP-25 impairs
NMDAR-mediated transmission in slices and decreases synap-
tic NMDAR levels in cultured neurons without affecting basal
transmission or AMPARs levels (Jurado et al., 2013). These
findings are consistent with previous work that shows a role
of SNAP-25 in NMDAR trafficking (Lau et al., 2010). Taken
together, these results indicate a rather specific role of SNAP-
25 in regulating NMDAR-containing endosomes and therefore
in controlling the threshold of NMDAR-dependent LTP induc-
tion. Furthermore, these findings support the hypothesis that
NMDARs and AMPARs are transported via distinct vesicles
(Fong et al., 2002; Washbourne et al., 2002) and are sorted
via different intracellular pathways to synaptic sites (Jeyifous
et al., 2009). Whereas AMPARs are believed to undergo forward
trafficking to the plasma membrane via the GA likely through
dendritic Golgi outpost, NMDAR may traffic via nonconventional
secretory pathway involving CASK and SAP97 (Jeyifous et al.,
2009).
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SNAP-23
A role for SNAP-23, a SNAP-25 homolog, in glutamate
receptor trafficking has been recently suggested. Using
immunohistochemistry, Suh et al., showed that endogenous
SNAP-23 is highly enriched in dendrites and dendritic spines
(Suh et al., 2010). Furthermore, postsynaptic knock-down of
SNAP-23, but not SNAP-25, reduced the size of NMDA-evoked
currents without affecting presynaptic glutamate release in
cultured hippocampal slices. These findings suggest that SNAP-
23 may influence AMPARs exocytosis indirectly by regulating
surface NMDARs and thereby modulating the induction of
synaptic potentiation. However a SNAP-23 shRNA introduced
in vivo did not subsequently affect LTP in acute hippocampal
slices (Jurado et al., 2013). This apparent contradiction may be
explained by the use of robust induction protocols to elicit LTP
in acute slices in comparison to the milder protocols required to
induce potentiation in cultured neurons. Nevertheless, neither
SNAP-23 nor SNAP-25 seem to play a direct role in regulated
exocytosis of AMPAR-containing endosomes during LTP,
although may affect plasticity by controlling NMDAR function.
SNAP-47
SNAP-47, a newly identified SNAP protein (Holt et al., 2006),
has been showed to play a role in LTP using an in vivo knock-
down strategy (Jurado et al., 2013). Immunocytochemistry and
structured illumination microscopy have revealed a widespread
distribution of endogenous SNAP-47 in both neuronal cell bodies
and neuronal processes (Holt et al., 2006; Jurado et al., 2013).
Importantly, SNAP-47 knock-down did not alter basal AMPAR-
or NMDAR-mediated synaptic responses or basal AMPAR surface
expression, providing evidence for a specific role of SNAP-47
in activity-dependent AMPAR exocytosis but not in constitutive
trafficking. Moreover, as a genuine SNARE, SNAP-47 has been
shown to assemble into stable SNARE complexes with syntaxin-
1 and synaptobrevin-2 in vitro (Holt et al., 2006). According
to this, mutagenesis of SNAP-47 confirmed that a SNARE-
dependent interaction is critical for its role in LTP (Jurado et al.,
2013).
Sequence comparison of SNAP-47 with other SNAP-25
homologs has revealed SNAP-47 unusual structure that may
reflect its functional specialization at the postsynaptic site. SNAP-
47 has a long N-terminal stretch and an extended loop between
its two SNARE motifs. Also, in contrast to SNAP-23 and SNAP-25,
which are predominantly bound to the plasma membrane, SNAP-
47 lacks an immediately identifiable membrane anchor sequence
which suggest it may be partly cytosolic (Holt et al., 2006).
These structural differences of SNAP-47 may be advantageous
for regulating membrane fusion at subcellular locations where
exocytotic domains are not permanent but rather transiently
defined (Yudowski et al., 2007; Yang et al., 2008; Petrini et al.,
2009; Patterson et al., 2010).
POSTSYNAPTIC SYNTAXINS
More recent efforts to elucidate the identity of the postsynaptic
SNARE complex have been dedicated to the characterization
of postsynaptic syntaxins. Syntaxins are small transmembrane
proteins that comprised a family of 15 members from which only
four (syntaxin 1–4), localize to the plasma membrane where they
cluster into microdomains that may support SNARE complex
assembly (Lang et al., 2001; Ohara-Imaizumi et al., 2004; Low
et al., 2006; Sieber et al., 2006, 2007; Kennedy et al., 2010).
These features suggest that identification of syntaxin clusters in
dendrites may provide clues to the exact location of AMPARs
exocytosis.
Given the prominent role of complexins in calcium-dependent
dendritic fusion (Takahashi et al., 1999; Huang et al., 2000;
Ahmad et al., 2012), it is reasonable to assume that a syntaxin
capable of interacting with complexin (Pabst et al., 2000) will
be implicated in LTP. Consistent with this logic, syntaxin-3
has been recently proposed to control AMPARs insertion via a
complexin-dependent mechanism (Jurado et al., 2013). Analysis
of LTP elicited in acute hippocampal slices from mice express-
ing shRNAs against different syntaxins revealed that syntaxin-
3, but not -1 or -4, plays a critical role in LTP but does not
participate in constitutive or presynaptic exocytosis. Structured
illumination microscopy showed a relatively ubiquitous distri-
bution of endogenous syntaxin-3 including dendrites and cell
bodies. Interestingly, the same syntaxin-3 shRNA in dissociated
hippocampal neurons blocked the increase in surface expres-
sion of endogenous AMPARs upon NMDAR activation, a cell
culture model of LTP (Lu et al., 2001; Passafaro et al., 2001;
Park et al., 2004). More importantly, both the block of LTP
and AMPARs insertion were rescued by reintroducing syntaxin-
3 which rules out potential off-target effects of the shRNA being
used. Further structure/function analysis replacing endogenous
syntaxin-3 by a non complexin-binding mutant confirmed that
syntaxin-3/complexin interaction is necessary for the function
of postsynaptic SNARE complexes implicated in AMPARs exo-
cytosis. These results suggest that postsynaptic syntaxin-3 via
complexins may constitutively restrict AMPARs insertion until
calcium influx reaches the postsynaptic compartment in a similar
fashion to their function at presynaptic terminals (Giraudo et al.,
2006; Tang et al., 2006; Huntwork and Littleton, 2007; Maximov
et al., 2009; Xue et al., 2009; Yang et al., 2010). Furthermore,
in a manner analogous to syntaxin-1 in presynaptic terminals,
syntaxin-3 was shown to require the binding of SM proteins.
This requirement of postsynaptic SM proteins was shown using
a molecular replacement strategy in which a syntaxin-3 mutant
with a deletion of the SM-binding sequence was ineffective
to restore synaptic potentiation in the absence of endogenous
syntaxin-3 (Jurado et al., 2013). These findings suggest that a
postsynaptic Munc18-like protein still to be identified is likely
to catalyze the assembly of the postsynaptic SNARE complex
involved in LTP.
Surprisingly syntaxin-4 a syntaxin isoform that does not
bind to complexin (Pabst et al., 2000), has also been suggested
to mediate AMPARs exocytosis (Kennedy et al., 2010). This
evidence is primarily supported by the block of recycling endo-
somes exocytosis marked with superecliptic pHluorin (SEP)-
fused transferrin receptors (TfR-SEP) by a specific syntaxin-4
shRNA. This apparent discrepancy may in large part be explained
by the differences in the methods used to assay the fusion of
AMPARs-containing endosomes, as endogenous AMPARs like
those assayed by electrophysiology may traffic differently from
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overexpressed recombinant receptors. Nonetheless, these results
raise the intriguing possibility that different syntaxin isoforms
may coexist in postsynaptic compartments and sort different
cargos via independent microdomains (Puthenveedu et al., 2010;
Temkin et al., 2011).
LOCATION AND TIMING OF AMPARs EXOCYTOSIS
Although the role for postsynaptic exocytosis in synaptic plas-
ticity is now clear, the specific locations and timing of AMPARs
exocytosis continue to be an active matter of debate. Most studies
exploring this issue have yielded inconsistent results (Gerges et al.,
2006; Kopec et al., 2006, 2007; Park et al., 2006; Yudowski et al.,
2007; Yang et al., 2008; Lin et al., 2009; Makino and Malinow,
2009; Petrini et al., 2009; Kennedy et al., 2010; Opazo et al., 2010;
Patterson et al., 2010; Tanaka and Hirano, 2012). While some
have suggested that activity stimulates exocytosis in the soma and
dendritic shafts (Yudowski et al., 2007; Yang et al., 2008; Lin et al.,
2009; Makino and Malinow, 2009; Petrini et al., 2009; Opazo
et al., 2010; Opazo and Choquet, 2011; Tanaka and Hirano, 2012),
others support insertion directly into stimulated dendritic spines
(Gerges et al., 2006; Kopec et al., 2006; Park et al., 2006; Kennedy
et al., 2010; Patterson et al., 2010).
Early work to determine the timing of AMPARs exocytosis
used an irreversible photoactivable AMPAR inhibitor to analyze
the exchange rate of synaptic or extrasynaptic AMPARs upon
electrical stimulation or glutamate uncaging (Adesnik et al.,
2005). Surprisingly, exchange of synaptic AMPARS took place
only after several hours, a timescale much slower than previously
thought. In contrast, AMPAR currents measured at the cell body
by glutamate uncaging recovered within minutes, suggesting
more rapid cycling of receptors at the neuronal soma under
basal conditions (Adesnik et al., 2005). Unfortunately, no direct
measurements of endogenous AMPAR exocytosis exist, and
its time course in living synapses remains unknown. Although
electrophysiology experiments are useful to assay the timing and
functional relevance of dendritic exocytosis, determining the
location of AMPARs insertion requires imaging technologies.
Efforts to visualize the location of AMPARs exocytosis have largely
relied on optical probes based on SEP, a pH-sensitive GFP variant,
which is fluorescent at neutral pH but is quenched when inside
acidic vesicles (Miesenböck et al., 1998). SEP-labeled AMPARs,
particularly GluA1 subunit-containing receptors, have been used
in a number of studies to directly identify AMPARs exocytosis
in dendrites (Kopec et al., 2006, 2007; Yudowski et al., 2007;
Jaskolski et al., 2009; Lin et al., 2009; Makino and Malinow, 2009;
Araki et al., 2010; Kennedy et al., 2010; Patterson et al., 2010).
Two-photon glutamate uncaging at individual dendritic spines
has revealed that SEP-GluA1 is inserted in the dendritic shaft
in neighboring areas of activated spines (Makino and Malinow,
2009). Conversely, a recent study demonstrated that exocytosis of
AMPARs-containing endosomes occurs within spines (Kennedy
et al., 2010). This last study used transferrin, a marker for
recycling endosomes, to demonstrate that endosomes already
present in dendritic spines undergo fusion similarly to those
in the dendritic shaft. Differences in experimental and imaging
conditions most likely underlie the disparity of results obtained
using these visualization approaches. Nonetheless, these collective
data have been incorporated into a prominent hypothesis in the
field that postulates that AMPARs are first inserted into the
extra/peri-synaptic surface, then diffuse laterally to the PSD
(Borgdorff and Choquet, 2002; Ehlers et al., 2007; Yudowski et al.,
2007; Heine et al., 2008; Makino and Malinow, 2009), where
they are retained by interactions with scaffold proteins (Henley
et al., 2011; MacGillavry et al., 2011; Opazo and Choquet, 2011).
In this scenario AMPARs exocytosis is required to replenish the
peri-synaptic pool of freely moving surface receptors that will be
sequestered by PSD scaffolds during potentiation.
Related to the issue of the location of AMPARs insertion is
the question whether AMPARs exocytosis is required for LTP
induction or just for LTP maintenance. First experiments using
postsynaptic loading of SNARE inhibitors showed that membrane
fusion inhibition was effective in shortening the duration of LTP
without affecting induction (Lledo et al., 1998). These results
support the notion that exocytosis may be critical for LTP main-
tenance by supplying the pool of surface AMPARs that can then
freely diffuse to synaptic locations. However, recent evidence from
in vivo molecular manipulations of several SNARE proteins and
complexins has shown an almost complete block of LTP right after
stimulation (Ahmad et al., 2012; Jurado et al., 2013) suggesting
that early insertion of AMPARs may be necessary for eliciting
synaptic plasticity. A potential explanation for this apparent con-
flict may be the different methods used for blocking exocytosis.
Detection of synaptic effects using acute infusions in the cell body
may be delayed by the necessity of the infused molecule to reach
the specific synapses that are being stimulated. Future work in this
topic is guaranteed which will provide answers to these questions
likely by employing novel cutting-edge visualization techniques
such as super-resolution microscopy.
CONCLUDING REMARKS
Despite the fact that SNARE-dependent fusion machinery is
involved in both pre and postsynaptic exocytosis, there are
important differences in the properties of fast neurotransmitter
release and activity-dependent AMPARs insertion during LTP.
In presynaptic terminals, small synaptic vesicles are docked at
the plasma membrane in specialized active zones and primed
such that fusion occurs rapidly, within milliseconds following
a rise in calcium. In the other side of the synapse, AMPARs-
containing endosomes are not tightly coupled to the dendritic
plasma membrane but instead may require myosin-dependent
trafficking into dendritic spines (Correia et al., 2008; Wang
et al., 2008) which would explain the slow exocytosis kinetics
in the range of seconds or minutes (Yudowski et al., 2007; Yang
et al., 2008; Petrini et al., 2009; Patterson et al., 2010). The
reported differences in the composition of the postsynaptic
SNARE complex vs. its presynaptic counterpart could account
for these significant functional differences. Moreover, all known
membrane fusion reactions that require complexin also require a
synaptotagmin isoform (Xu et al., 2007; Cai et al., 2008; Schonn
et al., 2008) which suggests that a postsynaptic synaptotagmin
may control calcium-dependent synaptic plasticity. Interestingly,
synaptotagmin-1, the major trigger of fast neurotransmitter
release, is not required for LTP (Ahmad et al., 2012) implying that
a different synaptotagmin still to be identified could be involved.
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In summary, multiple SNAREs have been found in dendrites
where they seem to play an essential role in controlling the con-
stitutive and regulated exocytosis of glutamate receptors. Partic-
ularly, we have reviewed convincing evidence suggesting that the
t-SNARE proteins Stx-3 and SNAP-47 and the v-SNARE protein
synaptobrevin-2 are essential components of the postsynaptic
vesicle fusion machinery that is required for LTP. Furthermore,
postsynaptic synaptobrevin-2 may also contribute to constitutive
postsynaptic AMPAR trafficking, and a postsynaptic SNARE com-
plex constituted by SNAP-25 and/or SNAP-23 may control consti-
tutive trafficking of NMDARs (Figure 2). Future efforts to eluci-
date the detailed molecular mechanisms including postsynaptic
synaptotagmins and SM proteins involved in both synaptic trans-
mission and plasticity will be critical for understanding the neural
basis of many aspects of normal and pathological brain function.
REFERENCES
Adesnik, H., Nicoll, R. A., and England, P. M. (2005). Photoinactivation of native
AMPA receptors reveals their real-time trafficking. Neuron 48, 977–985. doi: 10.
1016/j.neuron.2005.11.030
Ahmad, M., Polepalli, J. S., Goswami, D., Yang, X., Kaeser-Woo, Y. J., Südhof, T. C.,
et al. (2012). Postsynaptic complexin controls AMPA receptor exocytosis during
LTP. Neuron 73, 260–267. doi: 10.1016/j.neuron.2011.11.020
Araki, Y., Lin, D. T., and Huganir, R. L. (2010). Plasma membrane insertion of the
AMPA receptor GluA2 subunit is regulated by NSF binding and Q/R editing of
the ion pore. Proc. Natl. Acad. Sci. U S A 107, 11080–11085. doi: 10.1073/pnas.
1006584107
Ascaño, M., Richmond, A., Borden, P., and Kuruvilla, R. (2009). Axonal targeting
of Trk receptors via transcytosis regulates sensitivity to neurotrophin responses.
J. Neurosci. 29, 11674–11685. doi: 10.1523/JNEUROSCI.1542-09.2009
Beattie, E. C., Carroll, R. C., Yu, X., Morishita, W., Yasuda, H., von Zastrow,
M., et al. (2000). Regulation of AMPA receptor endocytosis by a signaling
mechanism shared with LTD. Nat. Neurosci. 3, 1291–1300. doi: 10.1038/81823
Bliss, T. V., and Lomo, T. (1973). Long-lasting potentiation of synaptic transmission
in the dentate area of the anaesthetized rabbit following stimulation of the
perforant path. J. Physiol. 232, 331–356.
Borgdorff, A. J., and Choquet, D. (2002). Regulation of AMPA receptor lateral
movements. Nature 417, 649–653. doi: 10.1038/nature00780
Broutman, G., and Baudry, M. (2001). Involvement of the secretory pathway for
AMPA receptors in NMDA-induced potentiation in hippocampus. J. Neurosci.
21, 27–34.
Brunger, A. T., Weninger, K., Bowen, M., and Chu, S. (2009). Single-molecule
studies of the neuronal SNARE fusion machinery. Annu. Rev. Biochem. 78, 903–
928. doi: 10.1146/annurev.biochem.77.070306.103621
Cai, H., Reim, K., Varoqueaux, F., Tapechum, S., Hill, K., Sørensen, J. B., et al.
(2008). Complexin II plays a positive role in Ca2+-triggered exocytosis by
facilitating vesicle priming. Proc. Natl. Acad. Sci. U S A 105, 19538–19543.
doi: 10.1073/pnas.0810232105
Carroll, R. C., Beattie, E. C., Xia, H., Lüscher, C., Altschuler, Y., Nicoll, R. A.,
et al. (1999). Dynamin-dependent endocytosis of ionotropic glutamate recep-
tors. Proc. Natl. Acad. Sci. U S A 96, 14112–14117. doi: 10.1073/pnas.96.24.
14112
Chen, B. T., Moran, K. A., Avshalumov, M. V., and Rice, M. E. (2006). Limited reg-
ulation of somatodendritic dopamine release by voltage-sensitive Ca channels
contrasted with strong regulation of axonal dopamine release. J. Neurochem. 96,
645–655. doi: 10.1111/j.1471-4159.2005.03519.x
Clapp, W. C., Hamm, J. P., Kirk, I. J., and Teyler, T. J. (2012). Translating
longterm potentiation from animals to humans: a novel method for noninvasive
assessment of cortical plasticity. Biol. Psychiatry 71, 496–502. doi: 10.1016/j.
biopsych.2011.08.021
Collingridge, G. L., Kehl, S. J., and McLennan, H. (1983). Excitatory amino acids in
synaptic transmission in the Schaffer collateral-commissural pathway of the rat
hippocampus. J. Physiol. 334, 33–46.
Cooney, J. R., Hurlburt, J. L., Selig, D. K., Harris, K. M., and Fiala, J. C. (2002).
Endosomal compartments serve multiple hippocampal dendritic spines from
a widespread rather than a local store of recycling membrane. J. Neurosci. 22,
2215–2224.
Correia, S. S., Bassani, S., Brown, T. C., Lise, M. F., Backos, D. S., El-Husseini,
A., et al. (2008). Motor protein-dependent transport of AMPA receptors into
spines during long-term potentiation. Nat. Neurosci. 11, 457–466. doi: 10.1038/
nn2063
Cui-Wang, T., Hanus, C., Cui, T., Helton, T., Bourne, J., Watson, D., et al. (2012).
Local zones of endoplasmic reticulum complexity confine cargo in neuronal
dendrites. Cell 148, 309–321. doi: 10.1016/j.cell.2011.11.056
Ehlers, M. D. (2000). Reinsertion or degradation of AMPA receptors determined by
activity-dependent endocytic sorting. Neuron 28, 511–525. doi: 10.1016/s0896-
6273(00)00129-x
Ehlers, M. D. (2012). Hijacking hebb: noninvasive methods to probe plasticity in
psychiatric disease. Biol. Psychiatry 71, 484–486. doi: 10.1016/j.biopsych.2012.
01.001
Ehlers, M. D., Heine, M., Groc, L., Lee, M. C., and Choquet, D. (2007). Diffusional
trapping of GluR1 AMPA receptors by input-specific synaptic activity. Neuron
54, 447–460. doi: 10.1016/j.neuron.2007.04.010
Ernst, J. A., and Brunger, A. T. (2003). High resolution structure, stability and
synaptotagmin binding of a truncated neuronal SNARE complex. J. Biol. Chem.
278, 8630–8636. doi: 10.1074/jbc.m211889200
Fasshauer, D., Antonin, W., Margittai, M., Pabst, S., and Jahn, R. (1999). Mixed
and non-cognate SNARE complexes. Characterization of assembly and bio-
physical properties. J. Biol. Chem. 274, 15440–15446. doi: 10.1074/jbc.274.22.
15440
Fernández-Chacón, R., Königstorfer, A., Gerber, S. H., García, J., Matos, M. F.,
Stevens, C. F., et al. (2001). Synaptotagmin I functions as a calcium regulator
of release probability. Nature 410, 41–49. doi: 10.1038/35065004
Fong, D. K., Rao, A., Crump, F. T., and Craig, A. M. (2002). Rapid synaptic
remodeling by protein kinase C: reciprocal translocation of NMDA recep-
tors and calcium/calmodulin-dependent kinase II. J. Neurosci. 22, 2153–
2164.
Gardiol, A., Racca, C., and Triller, A. (1999). Dendritic and postsynaptic protein
synthetic machinery. J. Neurosci. 19, 168–179.
Geppert, M., Goda, Y., Hammer, R. E., Li, C., Rosahl, T. W., Stevens, C. F., et al.
(1994). Synaptotagmin I: a major Ca2+ sensor for transmitter release at a central
synapse. Cell 79, 717–727. doi: 10.1016/0092-8674(94)90556-8
Gerges, N. Z., Backos, D. S., Rupasinghe, C. N., Spaller, M. R., and Esteban, J. A.
(2006). Dual role of the exocyst in AMPA receptor targeting and insertion into
the postsynaptic membrane. EMBO J. 25, 1623–1634. doi: 10.1038/sj.emboj.
7601065
Geschwind, D. H., and Levitt, P. (2007). Autism spectrum disorders: developmental
disconnection syndromes. Curr. Opin. Neurobiol. 17, 103–111. doi: 10.1016/j.
conb.2007.01.009
Giese, K. P., Fedorov, N. B., Filipkowski, R. K., and Silva, A. J. (1998). Autophos-
phorylation at Thr286 of the alpha calcium-calmodulin kinase II in LTP and
learning. Science 279, 870–873. doi: 10.1126/science.279.5352.870
Giraudo, C. G., Eng, W. S., Melia, T. J., and Rothman, J. E. (2006). A clamping
mechanism involved in SNARE-dependent exocytosis. Science 313, 676–680.
doi: 10.1126/science.1129450
Hawkins, L. M., Prybylowski, K., Chang, K., Moussan, C., Stephenson, F. A., and
Wenthold, R. J. (2004). Export from the endoplasmic reticulum of assembled
N-methyl-d-aspartic acid receptors is controlled by a motif in the c terminus
of the NR2 subunit. J. Biol. Chem. 279, 28903–28910. doi: 10.1074/jbc.m402
599200
Hayashi, T., McMahon, H., Yamasaki, S., Binz, T., Hata, Y., Südhof, T. C., et al.
(1994). Synaptic vesicle membrane fusion complex: action of clostridial neuro-
toxins on assembly. EMBO J. 13, 5051–5061.
Hayashi, Y., Shi, S. H., Esteban, J. A., Piccini, A., Poncer, J. C., and Malinow, R.
(2000). Driving AMPA receptors into synapses by LTP and CaMKII: Require-
ment for GluR1 and PDZ domain interaction. Science 287, 2262–2267. doi: 10.
1126/science.287.5461.2262
Heine, M., Groc, L., Frischknecht, R., Béïque, J. C., Lounis, B., Rumbaugh, G., et al.
(2008). Surface mobility of postsynaptic AMPARs tunes synaptic transmission.
Science 320, 201–205. doi: 10.1126/science.1152089
Henley, J. M., Barker, E. A., and Glebov, O. O. (2011). Routes, destinations and
delays: recent advances in AMPA receptor trafficking. Trends Neurosci. 34, 258–
268. doi: 10.1016/j.tins.2011.02.004
Frontiers in Cellular Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 407 | 7
Jurado Postsynaptic SNARE fusion during LTP
Holt, M., Varoqueaux, F., Wiederhold, K., Takamori, S., Urlaub, H., Fasshauer, D.,
et al. (2006). Identification of SNAP-47, a novel Qbc-SNARE with ubiquitous
expression. J. Biol. Chem. 281, 17076–17083. doi: 10.1074/jbc.m513838200
Horak, M., Chang, K., and Wenthold, R. J. (2008). Masking of the endoplasmic
reticulum retention signals during assembly of the NMDA receptor. J. Neurosci.
28, 3500–3509. doi: 10.1523/JNEUROSCI.5239-07.2008
Horton, A. C., and Ehlers, M. D. (2003). Dual modes of endoplasmic reticulum-to-
Golgi transport in dendrites revealed by live-cell imaging. J. Neurosci. 23, 6188–
6199.
Horton, A. C., Rácz, B., Monson, E. E., Lin, A. L., Weinberg, R. J., and Ehlers, M. D.
(2005). Polarized secretory trafficking directs cargo for asymmetric dendrite
growth and morphogenesis. Neuron 48, 757–771. doi: 10.1016/j.neuron.2005.
11.005
Huang, G.-Z., Ujihara, H., Takahashi, S., Kaba, H., Yagi, T., and Inoue, S. (2000).
Involvement of complexin II in synaptic plasticity in the CA1 region of the
hippocampus: the use of complexin II-lacking mice. Jpn. J. Pharmacol. 84, 179–
187. doi: 10.1254/jjp.84.179
Huganir, R. L., and Nicoll, R. A. (2013). AMPARs and synaptic plasticity: the last
25 years. Neuron 80, 704–717. doi: 10.1016/j.neuron.2013.10.025
Huntwork, S., and Littleton, J. T. (2007). A complexin fusion clamp regulates
spontaneous neurotransmitter release and synaptic growth. Nat. Neurosci. 10,
1235–1237. doi: 10.1038/nn1980
Jahn, R., and Fasshauer, D. (2012). Molecular machines governing exocytosis of
synaptic vesicles. Nature 490, 201–207. doi: 10.1038/nature11320
Jahn, R., and Scheller, R. H. (2006). SNAREs—engines for membrane fusion. Nat.
Rev. Mol. Cell Biol. 9, 631–643. doi: 10.1038/nrm2002
Jaskolski, F., Mayo-Martin, B., Jane, D., and Henley, J. M. (2009). Dynamin-
dependent membrane drift recruits AMPA receptors to dendritic spines. J. Biol.
Chem. 284, 12491–12503. doi: 10.1074/jbc.m808401200
Jeyifous, O., Waites, C. L., Specht, C. G., Fujisawa, S., Schubert, M., Lin, E. I.,
et al. (2009). SAP97 and CASK mediate sorting of NMDA receptors through
a previously unknown secretory pathway. Nat. Neurosci. 12, 1011–1019. doi: 10.
1038/nn.2362
Jordan, B. A., Fernholz, B. D., Boussac, M., Xu, C., Grigorean, G., Ziff, E. B.,
et al. (2004). Identification and verification of novel rodent postsynaptic density
proteins. Mol. Cell. Proteomics 3, 857–871. doi: 10.1074/mcp.m400045-mcp200
Jurado, S., Goswami, D., Zhang, Y., Molina, A. J., Südhof, T. C., and Malenka, R. C.
(2013). LTP requires a unique postsynaptic SNARE fusion machinery. Neuron
77, 542–558. doi: 10.1016/j.neuron.2012.11.029
Kauer, J. A., and Malenka, R. C. (2007). Synaptic plasticity and addiction. Nat. Rev.
Neurosci. 8, 844–858. doi: 10.1038/nrn2234
Kauer, J. A., Malenka, R. C., and Nicoll, R. A. (1988). NMDA application poten-
tiates synaptic transmission in the hippocampus. Nature 334, 250–252. doi: 10.
1038/334250a0
Kennedy, M. J., Davison, I. G., Robinson, C. G., and Ehlers, M. D. (2010). Syntaxin-
4 defines a domain for activity-dependent exocytosis in dendritic spines. Cell
141, 524–535. doi: 10.1016/j.cell.2010.02.042
Khvotchev, M., Dulubova, I., Sun, J., Dai, H., Rizo, J., and Südhof, T. C. (2007).
Dual modes of Munc18–1/SNARE interactions are coupled by functionally
critical binding to syntaxin-1 N terminus. J. Neurosci. 27, 12147–12155. doi: 10.
1523/jneurosci.3655-07.2007
Kopec, C. D., Li, B., Wei, W., Boehm, J., and Malinow, R. (2006). Glutamate
receptor exocytosis and spine enlargement during chemically induced long-term
potentiation. J. Neurosci. 26, 2000–2009. doi: 10.1523/jneurosci.3918-05.2006
Kopec, C. D., Real, E., Kessels, H. W., and Malinow, R. (2007). GluR1 links
structural and functional plasticity at excitatory synapses. J. Neurosci. 27, 13706–
13718. doi: 10.1523/jneurosci.3503-07.2007
Landry, M., Vila-Porcile, E., Hökfelt, T., and Calas, A. (2003). Differential routing of
coexisting neuropeptides in vasopressin neurons. Eur. J. Neurosci. 17, 579–589.
doi: 10.1046/j.1460-9568.2002.00162.x-i1
Lang, T., Bruns, D., Wenzel, D., Riedel, D., Holroyd, P., Thiele, C., et al. (2001).
SNAREs are concentrated in cholesterol-dependent clusters that define docking
and fusion sites for exocytosis. EMBO J. 20, 2202–2213. doi: 10.1093/emboj/20.
9.2202
Lau, C. G., Takayasu, Y., Rodenas-Ruano, A., Paternain, A. V., Lerma, J., Bennett,
M. V., et al. (2010). SNAP-25 is a target of protein kinaseC phosphoryla-
tion critical to NMDA receptor trafficking. J. Neurosci. 30, 242–254. doi: 10.
1523/JNEUROSCI.4933-08.2010
Lin, D. T., Makino, Y., Sharma, K., Hayashi, T., Neve, R., Takamiya, K., et al.
(2009). Regulation of AMPA receptor extrasynaptic insertion by 4.1N, phos-
phorylation and palmitoylation. Nat. Neurosci. 7, 879–887. doi: 10.1038/nn.
2351
Lisman, J., Yasuda, R., and Raghavachari, S. (2012). Mechanisms of CaMKII
action in long-term potentiation. Nat. Rev. Neurosci. 13, 169–182. doi: 10.
1038/nrn3192
Lledo, P. M., Hjelmstad, G. O., Mukherji, S., Soderling, T. R., Malenka, R. C.,
and Nicoll, R. A. (1995). Calcium/calmodulin-dependent kinase II and long-
term potentiation enhance synaptic transmission by the same mechanism.
Proc. Natl. Acad. Sci. U S A 92, 11175–11179. doi: 10.1073/pnas.92.24.
11175
Lledo, P. M., Zhang, X., Südhof, T. C., Malenka, R. C., and Nicoll, R. A. (1998).
Postsynaptic membrane fusion and long-term potentiation. Science 279, 399–
403. doi: 10.1126/science.279.5349.399
Low, S. H., Vasanji, A., Nanduri, J., He, M., Sharma, N., Koo, M., et al. (2006).
Syntaxins 3 and 4 are concentrated in separate clusters on the plasma membrane
before the establishment of cell polarity. Mol. Biol. Cell 17, 977–989. doi: 10.
1091/mbc.e05-05-0462
Lowenstein, P. R., Morrison, E. E., Bain, D., Shering, A. F., Banting, G., Douglas, P.,
et al. (1994). Polarized distribution of the trans-Golgi network marker TGN38
during the in vitro development of neocortical neurons: effects of nocodazole
and brefeldin A. Eur. J. Neurosci. 6, 1453–1465. doi: 10.1111/j.1460-9568.1994.
tb01007.x
Lu, W., Man, H., Ju, W., Trimble, W. S., MacDonald, J. F., and Wang, Y. T. (2001).
Activation of synaptic NMDA receptors induces membrane insertion of new
AMPA receptors and LTP in cultured hippocampal neurons. Neuron 29, 243–
254. doi: 10.1016/s0896-6273(01)00194-5
Lüscher, C., Xia, H., Beattie, E. C., Carroll, R. C., von Zastrow, M., Malenka,
R. C., et al. (1999). Role of AMPA receptor cycling in synaptic transmission and
plasticity. Neuron 24, 649–658. doi: 10.1016/s0896-6273(00)81119-8
MacGillavry, H. D., Kerr, J. M., and Blanpied, T. A. (2011). Lateral organization of
the postsynaptic density. Mol. Cell. Neurosci. 48, 321–331. doi: 10.1016/j.mcn.
2011.09.001
Makino, H., and Malinow, R. (2009). AMPA receptor incorporation into synapses
during LTP: the role of lateral movement and exocytosis. Neuron 64, 381–390.
doi: 10.1016/j.neuron.2009.08.035
Malenka, R. C., and Bear, M. F. (2004). LTP and LTD: an embarrassment of riches.
Neuron 44, 5–21. doi: 10.1016/j.neuron.2004.09.012
Malenka, R. C., Kauer, J. A., Zucker, R. S., and Nicoll, R. A. (1988). Postsynaptic
calcium is sufficient for potentiation of hippocampal synaptic transmission.
Science 242, 81–84. doi: 10.1126/science.2845577
Maletic-Savatic, M., and Malinow, R. (1998). Calcium-evoked dendritic exocy-
tosis in cultured hippocampal neurons. Part I: trans-Golgi network-derived
organelles undergo regulated exocytosis. J. Neurosci. 18, 6803–6813.
Malinow, R., Schulman, H., and Tsien, R. W. (1989). Inhibition of postsynaptic
PKC or CaMKII blocks induction but not expression of LTP. Science 245, 862–
866. doi: 10.1126/science.2549638
Maximov, A., Tang, J., Yang, X., Pang, Z. P., and Südhof, T. C. (2009). Complexin
controls the force transfer from SNARE complexes to membranes in fusion.
Science 323, 516–521. doi: 10.1126/science.1166505
McMahon, H. T., Missler, M., Li, C., and Südhof, T. C. (1995). Complexins:
cytosolic proteins that regulate SNAP receptor function. Cell 83, 111–119.
doi: 10.1016/0092-8674(95)90239-2
Miesenböck, G., De Angelis, D. A., and Rothman, J. E. (1998). Visualizing secretion
and synaptic transmission with pH-sensitive green fluorescent proteins. Nature
394, 192–195. doi: 10.1038/28190
Murakoshi, H., and Yasuda, R. (2012). Postsynaptic signaling during plasticity
of dendritic spines. Trends Neurosci. 35, 135–143. doi: 10.1016/j.tins.2011.
12.002
Neves, G., Cooke, S. F., and Bliss, T. V. (2008). Synaptic plasticity, memory and
the hippocampus: a neural network approach to causality. Nat. Rev. Neurosci. 9,
65–75. doi: 10.1038/nrn2303
Ohara-Imaizumi, M., Nishiwaki, C., Kikuta, T., Kumakura, K., Nakamichi, Y., and
Nagamatsu, S. (2004). Site of docking and fusion of insulin secretory granules in
live MIN6 beta cells analyzed by TAT-conjugated anti-syntaxin 1 antibody and
total internal reflection fluorescence microscopy. J. Biol. Chem. 279, 8403–8408.
doi: 10.1074/jbc.m308954200
Frontiers in Cellular Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 407 | 8
Jurado Postsynaptic SNARE fusion during LTP
Opazo, P., and Choquet, D. (2011). A three-step model for the synaptic recruitment
of AMPA receptors. Mol. Cell. Neurosci. 46, 1–8. doi: 10.1016/j.mcn.2010.
08.014
Opazo, P., Labrecque, S., Tigaret, C. M., Frouin, A., Wiseman, P. W., De Koninck,
P., et al. (2010). CaMKII triggers the diffusional trapping of surface AMPARs
through phosphorylation of stargazin. Neuron 67, 239–252. doi: 10.1016/j.
neuron.2010.06.007
Pabst, S., Hazzard, J. W., Antonin, W., Südhof, T. C., Jahn, R., Rizo, J., et al.
(2000). Selective interaction of complexin with the neuronal SNARE complex.
Determination of the binding regions. J. Biol. Chem. 275, 19808–19818. doi: 10.
1074/jbc.m002571200
Pang, Z. P., Melicoff, E., Padgett, D., Liu, Y., Teich, A. F., Dickey, B. F., et al. (2006).
Synaptotagmin-2 is essential for survival and contributes to Ca2+ triggering of
neurotransmitter release in central and neuromuscular synapses. J. Neurosci. 26,
13493–13504. doi: 10.1523/jneurosci.3519-06.2006
Park, M., Penick, E. C., Edwards, J. G., Kauer, J. A., and Ehlers, M. D. (2004).
Recycling endosomes supply AMPA receptors for LTP. Science 305, 1972–1975.
doi: 10.1126/science.1102026
Park, M., Salgado, J. M., Ostroff, L., Helton, T. D., Robinson, C. G., Harris, K. M.,
et al. (2006). Plasticity-induced growth of dendritic spines by exocytic traffick-
ing from recycling endosomes. Neuron 52, 817–830. doi: 10.1016/j.neuron.2006.
09.040
Passafaro, M., Piëch, V., and Sheng, M. (2001). Subunit-specific temporal and
spatial patterns of AMPA receptor exocytosis in hippocampal neurons. Nat.
Neurosci. 4, 917–926. doi: 10.1038/nn0901-917
Patterson, M. A., Szatmari, E. M., and Yasuda, R. (2010). AMPA receptors are
exocytosed in stimulated spines and adjacent dendrites in a Ras-ERK-dependent
manner during long-term potentiation. Proc. Natl. Acad. Sci. U S A 107, 15951–
15956. doi: 10.1073/pnas.0913875107
Petrini, E. M., Lu, J., Cognet, L., Lounis, B., Ehlers, M. D., and Choquet, D. (2009).
Endocytic trafficking and recycling maintain a pool of mobile surface AMPA
receptors required for synaptic potentiation. Neuron 63, 92–105. doi: 10.1016/j.
neuron.2009.05.025
Pettit, D. L., Perlman, S., and Malinow, R. (1994). Potentiated transmission
and prevention of further LTP by increased CaMKII activity in postsynap-
tic hippocampal slice neurons. Science 266, 1881–1885. doi: 10.1126/science.
7997883
Puthenveedu, M. A., Lauffer, B., Temkin, P., Vistein, R., Carlton, P., Thorn,
K., et al. (2010). Sequence-dependent sorting of recycling proteins by actin-
stabilized endosomal microdomains. Cell 143, 761–773. doi: 10.1016/j.cell.2010.
10.003
Rizo, J., and Rosenmund, C. (2008). Synaptic vesicle fusion. Nat. Struct. Mol. Biol.
15, 665–674. doi: 10.1038/nsmb.1450
Rizo, J., and Südhof, T. C. (1998). Mechanics of membrane fusion. Nat. Struct. Biol.
5, 839–842. doi: 10.1038/2280
Rizo, J., and Südhof, T. C. (2012). The membrane fusion enigma: SNAREs,
Sec1/Munc18 proteins and their accomplices—guilty as charged? Annu.
Rev. Cell Dev. Biol. 28, 279–308. doi: 10.1146/annurev-cellbio-101011-15
5818
Sampo, B., Kaech, S., Kunz, S., and Banker, G. (2003). Two distinct mechanisms
target membrane proteins to the axonal surface. Neuron 37, 611–624. doi: 10.
1016/s0896-6273(03)00058-8
Sanes, J. R., and Lichtman, J. W. (1999). Can molecules explain long-term potenti-
ation? Nat. Neurosci. 2, 597–604. doi: 10.1038/10154
Schonn, J. S., Maximov, A., Lao, Y., Südhof, T. C., and Sørensen, J. B. (2008).
Synaptotagmin-1 and -7 are functionally overlapping Ca2+ sensors for exocy-
tosis in adrenal chromaffin cells. Proc. Natl. Acad. Sci. U S A 105, 3998–4003.
doi: 10.1073/pnas.0712373105
Scott, D. B., Blanpied, T. A., and Ehlers, M. D. (2003). Coordinated PKA and
PKC phosphorylation suppresses RXR-mediated ER retention and regulates the
surface delivery of NMDA receptors. Neuropharmacology 45, 755–767. doi: 10.
1016/s0028-3908(03)00250-8
Shen, J., Tareste, D. C., Paumet, F., Rothman, J. E., and Melia, T. J. (2007). Selective
activation of cognate SNAREpins by Sec1/Munc18 proteins. Cell 128, 183–195.
doi: 10.1016/j.cell.2006.12.016
Shepherd, J. D., and Huganir, R. L. (2007). The cell biology of synaptic plasticity:
AMPA receptor trafficking. Annu. Rev. Cell Dev. Biol. 23, 613–643. doi: 10.
1146/annurev.cellbio.23.090506.123516
Shi, S. H., Hayashi, Y., Petralia, R. S., Zaman, S. H., Wenthold, R. J., Svoboda,
K., et al. (1999). Rapid spine delivery and redistribution of AMPA receptors
after synaptic NMDA receptor activation. Science 284, 1811–1816. doi: 10.
1126/science.284.5421.1811
Sieber, J. J., Willig, K. I., Heintzmann, R., Hell, S. W., and Lang, T. (2006). The
SNARE motif is essential for the formation of syntaxin clusters in the plasma
membrane. Biophys. J. 90, 2843–2851. doi: 10.1529/biophysj.105.079574
Sieber, J. J., Willig, K. I., Kutzner, C., Gerding-Reimers, C., Harke, B., Donnert, G.,
et al. (2007). Anatomy and dynamics of a supramolecular membrane protein
cluster. Science 317, 1072–1076. doi: 10.1126/science.1141727
Silva, A. J., Paylor, R., Wehner, J. M., and Tonegawa, S. (1992). Impaired spatial
learning in alpha-calcium-calmodulin kinase II mutant mice. Science 257, 206–
211. doi: 10.1126/science.1321493
Spacek, J., and Harris, K. M. (1997). Three-dimensional organization of smooth
endoplasmic reticulum in hippocampal CA1 dendrites and dendritic spines of
the immature and mature rat. J. Neurosci. 17, 190–203.
Standley, S., Roche, K. W., McCallum, J., Sans, N., and Wenthold, R. J. (2000). PDZ
domain suppression of an ER retention signal in NMDA receptor NR1 splice
variants. Neuron 28, 887–898. doi: 10.1016/s0896-6273(00)00161-6
Südhof, T. C. (2012). The presynaptic active zone. Neuron 75, 11–25. doi: 10.1016/j.
neuron.2012.06.012
Südhof, T. C., and Rothman, J. E. (2009). Membrane fusion: grappling with SNARE
and SM proteins. Science 323, 474–477. doi: 10.1126/science.1161748
Suh, Y. H., Terashima, A., Petralia, R. S., Wenthold, R. J., Isaac, J. T., Roche, K. W.,
et al. (2010). A neuronal role for SNAP-23 in postsynaptic glutamate receptor
trafficking. Nat. Neurosci. 13, 338–343. doi: 10.1038/nn.2488
Sutton, R. B., Fasshauer, D., Jahn, R., and Brunger, A. T. (1998). Crystal structure
of a SNARE complex involved in synaptic exocytosis at 2.4 A resolution. Nature
395, 347–353. doi: 10.1038/26412
Takahashi, S., Ujihara, H., Huang, G.-Z., Yagyu, K. I., Sanbo, M., Kaba, H.,
et al. (1999). Reduced hippocampal LTP in mice lacking a presynaptic protein:
complexin II. Eur. J. Neurosci. 11, 2359–2366. doi: 10.1046/j.1460-9568.1999.
00652.x
Tanaka, H., and Hirano, T. (2012). Visualization of subunit-specific delivery of
glutamate receptors to postsynaptic membrane during hippocampal longterm
potentiation. Cell Rep. 1, 291–298. doi: 10.1016/j.celrep.2012.02.004
Tang, J., Maximov, A., Shin, O. H., Dai, H., Rizo, J., and Südhof, T. C. (2006). A
complexin/synaptotagmin 1 switch controls fast synaptic vesicle exocytosis. Cell
126, 1175–1187. doi: 10.1016/j.cell.2006.08.030
Temkin, P., Lauffer, B., Jäger, S., Cimermancic, P., Krogan, N. J., and von Zastrow,
M. (2011). SNX27 mediates retromer tubule entry and endosometo- plasma
membrane trafficking of signalling receptors. Nat. Cell Biol. 13, 715–721. doi: 10.
1038/ncb2252
Torre, E. R., and Steward, O. (1996). Protein synthesis within dendrites: glycosy-
lation of newly synthesized proteins in dendrites of hippocampal neurons in
culture. J. Neurosci. 16, 5967–5978.
Wang, Z., Edwards, J. G., Riley, N., Provance, D. W. Jr., Karcher, R., Li, X. D.,
et al. (2008). Myosin Vb mobilizes recycling endosomes and AMPA recep-
tors for postsynaptic plasticity. Cell 135, 535–548. doi: 10.1016/j.cell.2008.
09.057
Washbourne, P., Thompson, P. M., Carta, M., Costa, E. T., Mathews, J. R., Lopez-
Benditó, G., et al. (2002). Genetic ablation of the t-SNARE SNAP-25 distin-
guishes mechanisms of neuroexocytosis. Nat. Neurosci. 5, 19–26. doi: 10.1038/
nn783
Wisco, D., Anderson, E. D., Chang, M. C., Norden, C., Boiko, T., Fölsch, H.,
et al. (2003). Uncovering multiple axonal targeting pathways in hippocampal
neurons. J. Cell Biol. 162, 1317–1328. doi: 10.1083/jcb.200307069
Witkovsky, P., Patel, J. C., Lee, C. R., and Rice, M. E. (2009). Immunocytochemical
identification of proteins involved in dopamine release from the somatoden-
dritic compartment of nigral dopaminergic neurons.Neuroscience 164, 488–496.
doi: 10.1016/j.neuroscience.2009.08.017
Xu, J., Mashimo, T., and Südhof, T. C. (2007). Synaptotagmin-1, -2 and -9: Ca(2+)
sensors for fast release that specify distinct presynaptic properties in subsets of
neurons. Neuron 54, 567–581. doi: 10.1016/j.neuron.2007.05.004
Xue, M., Lin, Y. Q., Pan, H., Reim, K., Deng, H., Bellen, H. J., et al. (2009). Tilting
the balance between facilitatory and inhibitory functions of mammalian and
Drosophila complexins orchestrates synaptic vesicle exocytosis. Neuron 64, 367–
380. doi: 10.1016/j.neuron.2009.09.043
Frontiers in Cellular Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 407 | 9
Jurado Postsynaptic SNARE fusion during LTP
Xue, M., Stradomska, A., Chen, H., Brose, N., Zhang, W., Rosenmund, C.,
et al. (2008). Complexins facilitate neurotransmitter release at excitatory and
inhibitory synapses in mammalian central nervous system. Proc. Natl. Acad. Sci.
U S A 105, 7875–7880. doi: 10.1073/pnas.0803012105
Yang, B., Gonzalez, L. Jr., Prekeris, R., Steegmaier, M., Advani, R. J., and Scheller,
R. H. (1999). SNARE interactions are not selective. Implications for mem-
brane fusion specificity. J. Biol. Chem. 274, 5649–5653. doi: 10.1074/jbc.274.
9.5649
Yang, X., Kaeser-Woo, Y. J., Pang, Z. P., Xu, W., and Südhof, T. C. (2010). Complexin
clamps asynchronous release by blocking a secondary Ca2+ sensor via its
accessory a helix. Neuron 68, 907–920. doi: 10.1016/j.neuron.2010.11.001
Yang, Y., Wang, X. B., Frerking, M., and Zhou, Q. (2008). Spine expansion and
stabilization associated with long-term potentiation. J. Neurosci. 28, 5740–5751.
doi: 10.1523/JNEUROSCI.3998-07.2008
Yap, C. C., Wisco, D., Kujala, P., Lasiecka, Z. M., Cannon, J. T., Chang, M. C., et al.
(2008). The somatodendritic endosomal regulator NEEP21 facilitates axonal
targeting of L1/NgCAM. J. Cell Biol. 180, 827–842. doi: 10.1083/jcb.200707143
Ye, B., Zhang, Y., Song, W., Younger, S. H., Jan, L. Y., and Jan, Y. N. (2007). Growing
dendrites and axons differ in their reliance on the secretory pathway. Cell 130,
717–729. doi: 10.1016/j.cell.2007.06.032
Yudowski, G. A., Puthenveedu, M. A., Leonoudakis, D., Panicker, S., Thorn, K. S.,
Beattie, E. C., et al. (2007). Real-time imaging of discrete exocytic events
mediating surface delivery of AMPA receptors. J. Neurosci. 27, 11112–11121.
doi: 10.1523/jneurosci.2465-07.2007
Zhu, J. J., Qin, Y., Zhao, M., Van Aelst, L., and Malinow, R. (2002). Ras and Rap
control AMPA receptor trafficking during synaptic plasticity. Cell 110, 443–455.
doi: 10.1016/s0092-8674(02)00897-8
Conflict of Interest Statement: The author declares that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 25 September 2014; paper pending published: 22 October 2014; accepted: 11
November 2014; published online: 22 December 2014.
Citation: Jurado S (2014) The dendritic SNARE fusion machinery involved in
AMPARs insertion during long-term potentiation. Front. Cell. Neurosci. 8:407.
doi: 10.3389/fncel.2014.00407
This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2014 Jurado. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Cellular Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 407 | 10
